Measurement of proton transverse relaxation rates (R 2 ) is a generally useful means for quantitative characterization of pathological changes in tissue with a variety of clinical applications. The most widely used R 2 measurement method is the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence but its relatively long scan time requires respiratory gating for chest or body MRI, rendering this approach impractical for comprehensive assessment within a clinically-acceptable examination time. The purpose of our study was to develop a breathhold multiecho fast spin-echo (FSE) sequence for accurate measurement of R 2 in the liver and heart. Phantom experiments and studies of subjects in vivo were performed to compare the FSE data with the corresponding even-echo CPMG data. For pooled data, the R 2 measurements were strongly correlated ( 
T 2 -weighted MRI is used routinely to differentiate between normal and diseased tissue in clinical studies of the liver (1-4), heart (5) (6) (7) (8) , and other organs. The most widely exploited contrast mechanism is the alteration of water content by disease, with edematous tissue exhibiting a higher T 2 -weighted signal than normal tissue. Iron accumulation provides another contrast mechanism, with excess iron resulting in a lower T 2 -weighted signal than normal tissue. To date, a breathhold fast spin-echo (FSE) pulse sequence (9) has been the most widely used for clinical hepatic and myocardial T 2 -weighted MRI due to its higher data acquisition efficiency compared with a single spin-echo pulse sequence (10, 11) .
Quantitative tissue characterization by measurement of R 2 may further improve the accuracy and precision of detecting pathological changes and assessing their severity. While a multiple single spin-echo pulse sequence with different echo time (TE) acquisitions is considered the reference technique for R 2 measurement, this technique is too inefficient for clinical imaging. An alternative approach is to employ a Carr-Purcell-Meiboom-Gill (CPMG) (12, 13) pulse sequence and accelerate the corresponding multiple single spin-echo data acquisitions by the echo train length. While a CPMG sequence considerably reduces the total imaging time of the corresponding multiple single spin-echo acquisitions with different TEs, its data acquisition efficiency is still insufficient for breathhold imaging of the liver or heart. As a consequence, both multiple single spin-echo and CPMG pulse sequences are generally performed during free breathing with respiratory gating (14 -17) , rendering them impractical for performing comprehensive assessment of the liver or heart within a clinically-acceptable examination time.
Recently, three different breathhold spin-echo pulse sequences were proposed for R 2 measurement in the liver (18) and heart (19 -21) , with each sequence demonstrating adequate image quality. These sequences have been important developments but each may be subject to systematic errors in R 2 measurement when compared with a CPMG pulse sequence (see Discussion for a more detailed theoretical explanation). The purposes of this study were to develop a breathhold multiecho FSE pulse sequence for accurate R 2 measurement in the liver and heart and to validate this sequence against a navigator-gated CPMG pulse sequence. This study was motivated by a clinical need for developing accurate noninvasive techniques to monitor the effectiveness of iron-chelating therapy in patients with transfusional iron overload. Nonetheless, the proposed breathhold multiecho FSE sequence is generally applicable for rapid R 2 quantification.
MATERIALS AND METHODS
Multiecho FSE with Even-Echo CPMG Characteristics Figure 1 shows schematic diagrams of the navigator-gated CPMG and the breathhold multiecho FSE sequences. In CPMG, each spin-echo forms an image. In the presence of radio frequency (RF) field variation, the corresponding flip angle variation can produce signal error. The use of phasecycling corrects for flip angle variation for even echoes and subsequently yields asymmetry in signal amplitude between odd and even echoes. The even echo is inherently insensitive to motion along the frequency-encoding direction (22) . As such, even echoes in CPMG are more accurate than odd echoes for R 2 quantification. This characteristic of a CPMG sequence was emulated in the multiecho FSE pulse sequence design with a turbo factor (TF) of 2 and "reverse centric" k-space reordering, where two successive echoes form an image with the odd and even echoes ac-quiring the outer and inner halves of k-space, respectively (Fig. 1) . Characteristically, this multiecho FSE pulse sequence behaves like an even-echo CPMG sequence with an acceleration factor of 2 and is therefore compatible with breathhold imaging. The penalties associated with this multiecho FSE pulse sequence are negligible high-pass filtering effects along the phase-encoding direction (23) .
Pulse Sequence
Both the CPMG and multiecho FSE sequences were implemented on a 1.5T whole-body MR scanner (Avanto; Siemens Healthcare, Erlangen, Germany) equipped with a gradient system capable of achieving a maximum gradient strength of 45 mT/m and a slew rate of 200 T/m/s. The RF excitation was performed using the transmit body coil, and a 32-element cardiac phased array coil (Invivo, Orlando, FL, USA) was employed for signal reception. Relevant imaging parameters for both the CPMG and multiecho FSE include: field of view (FOV) ϭ 340 ϫ 276 mm, matrix size ϭ 128 ϫ 72, spatial resolution ϭ 2.66 mm ϫ 3.83 mm, slice thickness ϭ 10 mm, generalized autocalibrating partially parallel acquisitions (GRAPPA) (24) with an effective acceleration factor ϭ 1.6, receiver bandwidth (BW) ϭ 500 Hz/pixel, excitation RF pulse duration ϭ 2.05 ms, refocusing RF pulse duration ϭ 2.56 ms, echo spacing (ESP) ϭ 5.6 ms, number of images ϭ 10, echo-train duration ϭ 118 ms, TR ϭ 800 ms (for phantom and liver imaging), scan time ϭ 22 echo trains, and double-inversion, black-blood preparation pulse. Note that the interimage time of the CPMG is equal to the ESP, whereas the interimage time of the FSE is twice the ESP. To minimize stimulated echoes from imaging slice edges, for both the CPMG and FSE pulse sequences, the slice thickness of the refocusing RF pulse was set to three times that of the excitation RF pulse (25) .
Phantom Imaging
The phantom consisted of five bottles containing different concentrations of manganese chloride (MnCl 2 ) in distilled water: 0.135, 0.270, 0.405, 0.540, and 0.675 mM. MnCl 2 was chosen because it has T 1 /T 2 Ϸ10 at 1.5T (26) , which is comparable to that of tissues and aqueous ferritin iron (27) . The concentration values were chosen to produce a range of clinically relevant R 2 values.
In Vivo Imaging
Seven controls (two females, five males; mean age ϭ 29.4 Ϯ 7.1 years) and seven patients (three females; four males; mean age ϭ 29.3 Ϯ 10.7 years) with thalassemia major were imaged at 1.5T. An axial plane of the liver was imaged immediately above the right kidney. Electrocardiogram (ECG) triggering was used to image a midventricular short-axis plane at mid-diastole (trigger delay ϭ 500 ms). The breathhold duration of the multiecho FSE sequence was 17.6 s for liver imaging and 22-16.5 s for ECG-triggered cardiac imaging (e.g., for heart rate ϭ 60 -80 beats per minute [bpm], respectively). The scan duration of the navigator-gated CPMG pulse sequence was on the order of 5-7 min, depending on the respiratory cycle and ECG triggering. Human imaging was performed in accordance with protocols approved by the Human Investigation Committee at our institution; all subjects provided written informed consent.
Intra-and Interstudy Repeatability
The intrastudy repeatability of the breathhold multiecho FSE pulse sequence was assessed in five controls and three patients by repeating the breathhold acquisitions during the same MR examination session. The interstudy repeatability of the pulse sequence was assessed in five patients by repeating the breathhold acquisitions at least 1 week after the first examination. Anatomic landmarks were used to reproduce the same imaging planes.
Image and Statistical Analysis
For each MnCl 2 phantom bottle, a region-of-interest (ROI) covering the whole bottle was generated with image inten-
Pulse sequence diagrams of (a) CPMG and (b) multiecho FSE with TF ϭ 2, and the corresponding k-space of (c) CPMG and (d) reverse centric k-space of FSE with TF ϭ 2. Note that the main difference between the two sequences is phase-encoding. E ϭ echo; I ϭ image; G z ϭ sliceselect gradient; G y ϭ phase-encoding gradient; G x ϭ frequencyencoding gradient, k y ϭ spatial frequency in the phase-encoding direction, k x ϭ spatial frequency in the frequency-encoding direction.
sity thresholding, and the corresponding pixel-by-pixel R 2 map was calculated by nonlinear least square fitting of the monoexponential relaxation curve using the MATLAB R2008a software (Mathworks, Natick, MA, USA). For each bottle, the mean R 2 was calculated. The five mean R 2 measurements were plotted as a function of concentration, and the relaxivity of MnCl 2 was calculated by performing linear regression analysis.
For R 2 measurement of the liver and heart, the images were manually cropped to isolate the organ of interest. A ROI was manually drawn to mask the whole liver and heart. The corresponding pixel-by-pixel R 2 map was calculated by nonlinear least square fitting of the monoexponential relaxation curve. For each ROI, the mean and standard deviation (SD) of R 2 were calculated. For each organ of interest, the mean R 2 measurements between the control and patient groups were compared using the paired-sample t-test (two-tailed). For comparison of the breathhold multiecho FSE and the navigator-gated CPMG pulse sequences, the Pearson correlation and Bland-Altman analyses were performed. The repeatability of the breathhold multiecho FSE sequence was assessed by performing the Pearson correlation and Bland-Altman analyses. The coefficient of variation (CV) was calculated as the SD of the differences between the two repeated measurements, divided by their mean. The reported values represent mean Ϯ SD. P Ͻ 0.05 was considered statistically significant. Figure 2 shows linear and logarithm plots of the T 2 -weighted signal of the 0.549 mM MnCl 2 bottle as a function of TE. The CPMG sequence yielded asymmetry in signal amplitude between odd and even images, especially toward the tail end of the echo train. Consistent with the pulse sequence design, the multiecho FSE yielded essentially the same signal as the even-echo CPMG. Figure 3 shows the R 2 maps of all five phantom bottles calculated from the even-echo CPMG and multiecho FSE data; these two R 2 maps exhibited excellent agreement. The evenecho CPMG and multiecho FSE sequences yielded relaxivities of 72.1 Ϯ 0.6 and 72.3 Ϯ 0. (28) . Figure 4 shows representative hepatic images of a patient with thalassemia major and transfusional iron overload, as well as the corresponding R 2 maps produced by the two pulse sequences. Figure 5 shows representative cardiac images from the same patient, as well as the corresponding R 2 maps produced by the two pulse sequences. Compared with the navigator-gated even-echo CPMG sequence, breathhold multiecho FSE sequence yielded comparable image quality, and the corresponding R 2 maps exhibited excellent agreement between the two pulse sequences. For pooled data ( between the two pulse sequences. Table 1 shows the corresponding statistics of the subgroups.
RESULTS
As summarized in Table 2 , the mean hepatic R 2 of the patient group was significantly greater than that of the control group (43.2 Ϯ 8.6 s -1 vs. 21.8 Ϯ 1.8 s -1 , respectively; P Ͻ 0.001), and the mean myocardial R 2 of the patient group was significantly greater than that of the control group (26.1 Ϯ 5.2 s -1 vs. 20.7 Ϯ 1.2 s -1 , respectively; P Ͻ 0.04). These values are consistent with previously reported R 2 measurements in controls and patients with thalassemia major (15, 16, 19, 20, 29) .
In five controls and three patients (Fig. 7) , the mean R 2 values were strongly correlated (R ϭ 0.99; P Ͻ 0.001; N ϭ 16) and in excellent agreement (mean difference [measurement 1 -measurement 2] ϭ 0.29 s -1 ; upper and lower 95% limits of agreement were 1.40 and -0.82 s -1 , respectively) between two repeated multiecho FSE image acquisitions (intrastudy CV ϭ 2.0%). Table 3 shows the corresponding statistics of the subgroups. In five patients (Fig. 7) , the mean R 2 values were strongly correlated (R ϭ 0.99; P Ͻ 0.001; N ϭ 10) and in excellent agreement (mean difference [measurement 1 -measurement 2] ϭ 0.27 s -1 ; upper and lower 95% limits of agreement were 2.72 and -2.19 s -1 , respectively) between two repeated multiecho FSE image acquisitions (interstudy CV ϭ 3.6%). Table 4 shows the corresponding statistics of the subgroups.
DISCUSSION
This study has demonstrated the feasibility of performing breathhold multiecho FSE for accurate R 2 measurement in the liver and heart within a clinically-acceptable breathhold duration of 22-16.5 s (for heart rate ϭ 60 -80 bpm, respectively). Both even-echo CPMG and multiecho FSE sequences yielded essentially the same MnCl 2 phantom results, which are consistent with previously reported MnCl 2 relaxivities (26, 28) . Compared with the even-echo CPMG pulse sequence, the multiecho FSE sequence produced results in vivo of equivalent accuracy. The mean R 2 measurements of the liver and heart were different between the control and patient groups, and their values were consistent with previously reported R 2 values (15, 16, 19) . In the subjects who underwent repeated examinations, the breathhold multiecho FSE sequence produced R 2 measurements that were highly repeatable, both within and between studies (Fig. 7) .
Our study has some limitations that deserve emphasis. First, even-echo CPMG was chosen to be the reference technique. While a multiple single spin-echo pulse sequence with different TEs is considered to be the reference standard for R 2 imaging, this technique is too inefficient for clinical body imaging. Even-echo CPMG is known to be relatively insensitive to flip angle errors and is considerably faster than the corresponding multiple single spinecho imaging. Second, myocardial R 2 maps were generated assuming robust cardiac image registration although gradual ventricular relaxation occurs during the 118 ms of data acquisition in mid-diastole, even with a perfectly still breathhold. More complex image registration methods are needed to eliminate this potential source of error in data fitting. Third, for the spatial resolution used in this study, the R 2 values may be sensitive to partial volume effects, particularly for the heart. Given differences in tissue characteristics between the heart and liver, it may be beneficial to separately optimize the spatial resolution and signal-tonoise ratio (SNR) for the heart and liver, for example by increasing the spatial resolution for cardiac R 2 imaging at the expense of SNR. Fourth, the proposed multiecho FSE pulse sequence has only one-half the sampling rate as that of the CPMG sequence. This limitation may be a problem for imaging highly-iron-overloaded liver in patients with severe thalassemia major. The new FSE sequence with TE ϭ 11.2 ms can acquire at least two images above the noise for R 2 Յ 89.3 s -1 (i.e., exponential decay for two time Table 1 shows the corresponding statistics of the subgroups. constants). However, as shown in this work (Fig. 2) , the new FSE sequence has the same sampling rate as that of the accurate even-echo CPMG sequence. Furthermore, the new FSE sequence with TE ϭ 11.2 ms will produce a higher signal than a comparable single spin-echo sequence with TE ϭ 11.2 ms, because the former employs a prior refocusing RF pulse to generate an odd echo at TE ϭ 5.6 ms. To compensate for signal loss for high R 2 tissues, the TE of the FSE pulse sequence can be further reduced to 8.7 ms by employing shorter RF pulses (excitation pulse duration ϭ 1.02 ms; refocusing RF pulse duration ϭ 1.28 ms) at the same BW ϭ 500 Hz/pixel, without exceeding the specific absorption rate limit at 1.5T, and the TE can be even further reduced to 6.7 ms by employing BW ϭ 1000 Hz/pixel at the expense of 29% reduction in SNR. The adjusted FSE sequence with TE ϭ 6.7 ms can acquire at least two images above the noise for R 2 Յ 149.2 s -1 . It should be noted that highly-iron-overloaded tissue will also exhibit a higher R 1 , which in turn will increase the longitudinal magnetization (M z ) recovery between TR. Nevertheless, for highly-overloaded liver (R 2 Ͼ 150 s -1 ), it may be necessary to perform navigator-gated, multiple single-spin-echo experiments with very short TE (Ͻ5 ms). Fifth, the proposed FSE pulse sequence is not compatible with the R 2 -iron concentration calibration derived from the single spin-echo studies by St Pierre et al. (14, 28) , because the two pulse sequences exhibit different T 2 relaxation (e.g., multiecho spin echo vs. single-echo spinecho, respectively). Sixth, the breathhold duration of 22-16.5 s (for heart rate ϭ 60 -80 bpm, respectively) can be relatively long for some patients with limited breathhold capacity. For young pediatric patients, whose heart rate range is typically higher (80 -120 bpm) than adults, the breathhold duration will be 16.5-11 s. Additional accelerating techniques, such as adaptive sensitivity encoding incorporating temporal filtering (TSENSE) (30) and compressed sensing (31), may be needed to further reduce the breathhold duration for patients with limited breathhold capacity.
For ECG-triggered cardiac FSE imaging, the TR is equal to the R-R interval. Variation in the R-R interval (e.g., heart rate) will subsequently produce T 1 -weighted amplitude oscillations in k-space. Relatively large oscillations near the center of k-space can cause image artifacts that can introduce errors. This is a well known problem for all ECG-gated spin-echo pulse sequences with TR Ͻ 5T 1 . The Table 4 shows the corresponding statistics of the subgroups.
Bloch equation governing the longitudinal relaxation can be used to estimate the effect of heart rate variability on M z recovery. For simplicity, we assumed M z ϭ 0 at the end of each echo-train readout and scalar equilibrium magnetization ϭ 1. For normal myocardial with T 1 ϭ 850 ms and heart rate ϭ 60 bpm, the relative error in M z is calculated to be 5% and -6% for heart rate variation of 10% and -10%, respectively. For an edematous tissue with T 1 ϭ 1100 ms and heart rate ϭ 60 bpm, the relative error in M z is calculated to be 6% and -6% for heart rate variation of 10% and -10%, respectively. For an iron-overloaded tissue with T 1 ϭ 600 ms and heart rate ϭ 60 bpm, the relative error in M z is 4% and -4% for heart rate variation of 10% and -10%, respectively. Based on these estimates, the effects of R-R variability on R 2 quantification should be relatively minimal even for a heterogeneous tissue, provided that the amplitude oscillation does not occur at the center of k-space. The breathhold multiecho FSE has a number of advantages over the navigator-gated CPMG pulse sequence. First, data acquisition is considerably faster and more efficient (16.5-22 s vs. 5-7 min, respectively), allowing more extensive liver and heart sampling within clinically feasible examination time. Second, navigator gating requires expert planning and adds additional time to the examination, whereas breathhold imaging is more robust and easier to perform. Navigator-gated CPMG scans may be susceptible to residual respiratory motion artifacts. Third, navigator gating may perform poorly in some patients, because the navigator excitation slab typically includes a portion of the liver. Navigator-gated CPMG produces higher SNR and better blood suppression because the magnetization is usually fully recovered between each TR (i.e., one or more respiratory cycles), whereas in breathhold multiecho FSE the magnetization recovers for TR ϭ 750 -1000 ms (for heart rate ϭ 80 -60 bpm). Additional pulse sequence optimization, such as dynamic black-blood RF preparation (19) , may be needed to improve the blood suppression for breathhold multiecho FSE.
Three different breathhold spin-echo pulse sequences were previously proposed for hepatic (18) and myocardial (19 -21) R 2 quantification. The first pulse sequence to compare and contrast is multiecho FSE with TF ϭ 3, centric k-space reordering, and scan time ϭ 18 s (19). Our proposed multiecho FSE pulse sequence has some potential advantages over this sequence. Our FSE sequence provides shorter ESP, which may be needed for reliable data fitting in patients with severe iron overload, especially for the liver. In addition, our FSE sequence is insensitive to asymmetry in signal amplitude between odd and even echoes, whereas the sequence described (19) generates asymmetry in amplitude between odd and even images because three consecutive echoes form an image. The second pulse sequence to compare and contrast is the multiecho FSE with echo sharing (18) . Our proposed breathhold multiecho FSE is potentially advantageous by providing shorter ESP. In addition, the echo sharing scheme utilizes different k-space reordering for each reconstructed image, which may produce systematic errors in R 2 quantification. The third pulse sequence to compare and contrast is a multiple half-Fourier acquisition single-shot turbo spin-echo (HASTE) (21) sequence with different TEs. This pulse sequence may be subject to loss of spatial resolution due to T 2 -blurring (23), because in HASTE all k-space lines are acquired with a single shot of refocusing RF pulses. Also, it may be difficult to accurately quantify R 2 using multiple single-shot HASTE acquisitions with different effective TEs, because each HASTE image is acquired with a single shot of all echoes. Our proposed sequence does not have these limitations. Systematic performance comparisons are needed to confirm the potential advantages of our multiecho FSE pulse sequence over the other three approaches
In conclusion, the proposed breathhold FSE pulse sequence can be used to perform accurate R 2 measurement in the liver and the heart. Fast R 2 measurement is important for various applications, including pulse sequence protocol optimization with measured R 2 . Furthermore, potential clinical applications of R 2 measurement with breathhold FSE include: acute myocardial infarction (5), acute myocarditis (7), arrhythmogenic right ventricular cardiomyopathy (8) , and heart transplant rejection assessment (32) . This pulse sequence is also applicable for quantitative assessment of hepatic and myocardial iron deposition. The improved data acquisition efficiency of this pulse sequence may permit imaging of multiple organs, including the liver, heart, pancreas, and anterior pituitary, for comprehensive assessment of R 2 measurement in patients with iron overload (33) .
